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Abstract 35 
Natal dispersal is a demographic trait with profound evolutionary, ecological and 36 
behavioural consequences. However, our understanding of the adaptive value of dispersal 37 
patterns is severely hampered by the difficulty of measuring the relative fitness 38 
consequences of alternative dispersal strategies in natural populations. This is especially true 39 
in social species where natal philopatry allows kin selection to operate, so that both direct 40 
and indirect components of inclusive fitness have to be considered when evaluating 41 
selection on dispersal. Here, we use lifetime reproductive success data from a long-term 42 
study of a cooperative breeder, the long-tailed tit Aegithalos caudatus, to quantify the direct 43 
and indirect components of inclusive fitness. We show that dispersal has a negative effect 44 
on the accrual of indirect fitness, and hence inclusive fitness, by males. In contrast, the 45 
inclusive, predominantly direct, fitness of females increases with dispersal distance. We 46 
conclude that the conflicting fitness consequences of dispersal in this species result in 47 
sexually antagonistic selection on this key demographic parameter. 48 
 49 
 50 
Significance statement 51 
How far individuals disperse from their birth site has profound consequences for the genetic 52 
structure of populations and for individual fitness, affecting both the degree of gene flow 53 
between populations and the extent to which relatives and nonrelatives interact socially. 54 
Spatial clustering of kin arising from limited dispersal facilitates kin-selected cooperation and 55 
is considered an important step in the evolution of cooperative breeding. However, 56 
determining the fitness consequences of dispersal in wild populations has proved extremely 57 
challenging. Here, we use data from a long-term study of long-tailed tits to quantify the 58 
fitness payoffs of dispersal. We show ƚŚĂƚĨĞŵĂůĞƐ ?ƌĞƉƌŽĚƵĐƚŝǀĞƐƵĐĐĞƐƐŝŶĐƌĞĂƐĞƐǁŝƚŚ59 
dispersal distance, while for males, cooperation with kin generates fitness benefits that 60 
favour limited natal dispersal. 61 
 62 
 63 
\body 64 
 65 
 66 
 67 
 68 
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Dispersal is of fundamental importance in behavioral and evolutionary ecology because it 69 
influences key processes such as local adaptation, gene flow and inbreeding (1-3). Dispersal 70 
is a particularly important process in social evolution theory because major evolutionary 71 
transitions in the history of life on earth are facilitated by social interaction among relatives, 72 
allowing kin selection to operate (4,5). This reasoning underpins theoretical and empirical 73 
explanations for the evolution of sociality in animals (6) and especially cooperative breeding 74 
in vertebrates (7-10). Empirical studies of dispersal in social species have generally focused 75 
on the environmental and social factors that either constrain or promote dispersal from 76 
natal groups (11). However, insights into the function of dispersal require knowledge of the 77 
fitness consequences of alternative dispersal strategies, and empirical study of such fitness 78 
effects have proved to be challenging. This is partly due to inherent difficulties in the study 79 
of dispersal in open systems (12-13), but more significantly because collection of empirical 80 
data to quantify inclusive fitness and relate it to specific dispersal strategies is extremely 81 
difficult for several reasons. Social species often have complex life histories, and are often 82 
long-lived (11), making the accumulation of data on lifetime reproductive success of many 83 
individuals impossible. Most crucially, to understand individual dispersal strategies, inclusive 84 
fitness must be partitioned into its direct and indirect components that can be directly 85 
related to specific dispersal decisions.  86 
In this paper, we investigate the effect of natal dispersal decisions on the accrual of 87 
the direct and indirect components of inclusive fitness in a cooperatively breeding bird, the 88 
long-tailed tit Aegithalos caudatus. First, we quantify and describe the direct and indirect 89 
components of inclusive fitness using Lifetime Reproductive Success (LRS) data for a large 90 
sample of individuals derived from a long-term study (14). For each sex, we then determine 91 
the effect of categorical natal dispersal status on the accrual of direct and indirect fitness by 92 
comparing philopatric residents (hereafter, residents) and immigrants. Third, using data 93 
from resident birds only, we determine the effect of natal dispersal distance within the study 94 
site on the acquisition of direct and indirect fitness. These analyses allow us to test the 95 
hypothesis that sex-specific social interactions and their fitness consequences drive the 96 
divergent dispersal strategies of males and females. 97 
Long-tailed tits have a relatively simple cooperative breeding system in which all 98 
helpers are failed breeders that redirect their care to assist other pairs raise their offspring 99 
by feeding nestlings and fledglings (14). Helping is costly, but these costs are outweighed by 100 
the indirect fitness benefits of helping to increase productivity of related broods and 101 
reduced reproductive costs of related male breeders (15). No significant direct benefits of 102 
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helping have been detected (16). Long-tailed tits have a short lifespan compared to other 103 
cooperative breeders; all birds attempt to breed from their first year onwards and there is 104 
no discernible age effect on breeding or helping behaviour. This contrasts with most other 105 
cooperative species where long lives and age-related patterns of breeding and helping 106 
greatly complicate estimation of fitness (17). Therefore, rather than parametrizing 107 
demographic models (18-21) or using fitness components (22,23) to understand dispersal 108 
decisions, we were able to use LRS data to calculate the direct and indirect fractions of the 109 
inclusive fitness on an individual basis. Moreover, long-tailed tits have an atypical social 110 
structure in which helping is preferentially directed towards kin living within kin 111 
neighborhoods (24) that form via limited natal dispersal (25,26), coordinated dispersal of kin 112 
(27) and a small effective population size caused by depredation of broods (28). This social 113 
organization differs from the stable territorial structure that typifies most other cooperative 114 
breeders, so in addition to a categorical comparison of the fitness of philopatric and 115 
immigrant birds (18,20,21,23), we could also investigate the effect of fine-scale dispersal 116 
distance on individual fitness. 117 
 We studied a population of long-tailed tits from 1994 to 2016 in the Rivelin Valley, 118 
Sheffield, UK (52° ? ? ?E ? ?° ?  ?t ? (14). Standard protocols were followed in each year of the 119 
study to monitor survival of adults, breeding attempts and helping behaviour. Birds were 120 
marked with unique combinations of colour bands either as adults when they first dispersed 121 
into the population, or as nestlings; >95% of adults were individually marked each year. Re-122 
sighting probabilities for both sexes were high (83% for females and 92% for males based on 123 
capture-mark-recapture analysis of 985 individuals between 1994 and 2012 [29]), and our 124 
sample included only those individuals for whom we had complete life histories. Each 125 
individual was blood-sampled and genotyped at 19 microsatellite loci. Genotype data were 126 
used to assign parentage for ringed offspring, with extra-pair offspring assigned to their 127 
genetic father. Fitness metrics were calculated from individual life histories, using the 128 
number of recruits (i.e., offspring entering the adult population as breeders in the year after 129 
fledging) as the currency of fitness, using previously described methods (30) that follow 130 
,ĂŵŝůƚŽŶ ?Ɛ ? ? ?ĚĞĨŝŶŝƚŝŽŶŽĨŝŶĐůƵƐŝǀĞĨŝƚŶĞƐƐ. Briefly, direct fitness for individual breeders was 131 
obtained by first subtracting the fraction of recruits attributable to helpers (calculated using 132 
average population-level effects of helpers on productivity). The remaining fraction was then 133 
halved to reflect investment in recruit production by the breeding partners and then halved 134 
again to reflect an average parent-offspring relatedness of 0.5. Where extra-pair recruits 135 
were identified, the relevant fraction of direct fitness was stripped from social fathers and 136 
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reassigned to genetic fathers. Indirect fitness for individual helpers was obtained by 137 
multiplying the fraction of recruits attributable to an individual helper (adjusted for the 138 
number of helpers at a nest) by its average relatedness to those recruits, estimated from the 139 
genotype data. For full details, see Methods. 140 
 141 
Results 142 
Inclusive fitness was estimated from the complete reproductive histories of 778 individuals 143 
that reached adulthood and recruited into the population as breeders (n = 393 males, 385 144 
females). Of these birds, 37% produced at least one fledgling from their own nest in their life 145 
(37% of males, 36% of females), and 20% recruited at least one 1-year old offspring (19% of 146 
males, 21% of females) into the study population. The LRS of adults was strongly skewed, in 147 
terms of the production of both fledglings and recruits (SI Appendix, Fig. S1). 148 
 149 
Fitness of residents versus immigrants 150 
In our sample of birds with quantified fitness, more males (46%, n = 393) were philopatric 151 
residents than females (20%, n = 385; ʖ21 = 61.97, P < 0.0001), consistent with female-biased 152 
dispersal in long-tailed tits (25). Overall, residents were more likely to achieve indirect 153 
fitness than immigrants (ʖ21 = 14.70, P = 0.0001; SI Appendix, Table S1). Independently of 154 
dispersal status, males were more likely to achieve indirect fitness than females (14.5% 155 
versus 2.3%, respectively; ʖ21 = 27.24, P < 0.0001; Si Appendix, Table S1), a difference that 156 
arises not because males are more effective helpers, but simply because they are much 157 
more likely to help than females (31,32). Despite this sex difference in the likelihood of 158 
achieving indirect fitness, both males and females were more likely to gain indirect fitness as 159 
residents than as immigrants (sex x dispersal: ʖ21 = 0.03, P = 0.87). 160 
In contrast, the probability of gaining direct fitness was not influenced by dispersal 161 
status (ʖ21 = 0.34, P = 0.56), sex (ʖ21 = 0.37, P = 0.54) or their interaction (ʖ21 = 0.27, P = 0.60; 162 
SI Appendix, Table S1). Likewise, there was no significant difference in the likelihood of 163 
accruing inclusive fitness between immigrants and residents (ʖ21 = 1.83, P = 0.18; dispersal 164 
status x sex: ʖ21 = 1.81, P = 0.18; SI Appendix, Table S1). There was, however, a tendency for 165 
a higher proportion of males (30.3%) to achieve some inclusive fitness than females (22.3%; 166 
ʖ21 = 3.79, P = 0.05; SI Appendix, Table S1), a consequence of the fact that males were more 167 
likely than females to achieve some indirect fitness (see above).  168 
Similar results were obtained when analysing the amount of fitness gained with 169 
respect to dispersal status and sex (Fig. 1). For indirect fitness, males gained more than 170 
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females (ʖ21 = 24.92, P < 0.0001) and residents gained more than immigrants (ʖ21 = 17.01, P < 171 
0.0001), but there was no interaction between sex and dispersal status (ʖ21 = 2.01, P = 0.16; 172 
Fig. 1a). The amount of direct fitness gained was not affected by dispersal status (ʖ21 = 0.77, 173 
P = 0.38), sex (ʖ21 = 0.70, P = 0.40) or their interaction (ʖ21 = 0.28, P = 0.60; Fig. 1b). The 174 
amount of inclusive fitness gained did not differ significantly between immigrants and 175 
residents (ʖ21 = 0.07, P = 0.79; dispersal status x sex: ʖ21 = 0.63, P = 0.43; Fig. 1c), reflecting 176 
the fact that while the amount of fitness gained indirectly through helping was higher for 177 
residents, this component of fitness constitutes a relatively small proportion of inclusive 178 
fitness (Fig. 1). For the same reason, although males gained more indirect fitness than 179 
females, the relatively small contribution of indirect fitness to inclusive fitness (13.4% for 180 
males vs. 1.5% for females) and the absence of sex differences in direct fitness resulted in 181 
similar inclusive fitness gains for males and females (ʖ21 = 0.08, P = 0.77; Fig. 1c). The same 182 
results were found when each sex was analysed separately (SI Appendix, Table S2). 183 
Among those birds that achieved non-zero inclusive fitness, just 12 males (10.1%) 184 
and even fewer females (3 birds, 3.5%) achieved both direct and indirect fitness (SI 185 
Appendix, Table S1). For males, the observed number of cases was significantly lower than 186 
that expected if the probability of gaining fitness directly and indirectly were independent 187 
(ʖ21 = 99.16, P < 0.0001), indicating that they tend to be mutually exclusive activities (too few 188 
females gained indirect fitness for an equivalent analysis). This makes intuitive sense 189 
because an individual long-tailed tit cannot gain both direct and indirect fitness (i.e., breed 190 
successfully and help) within the same season because helping is contingent on failed 191 
breeding, and the lifespan of long-tailed tits is short (annual adult survival rate is 0.55 [33]), 192 
with the result that around half of all birds experience only a single breeding season. 193 
  194 
Fitness and dispersal distance of residents 195 
For 235 resident birds (n = 75 females and 160 males) we were able to relate accrual of 196 
fitness to natal dispersal distance within the study site. For males, increasing dispersal 197 
distance was associated with a decline in both the probability of accruing indirect fitness 198 
(Fig. 2a) and the amount of indirect fitness accrued (Fig. 2b); too few females achieved 199 
indirect fitness to conduct an equivalent analysis. In contrast, the likelihood of accruing 200 
direct fitness was not influenced by dispersal distance (ʖ21 = 0.20, P = 0.65), sex (ʖ21 = 0.35, P 201 
= 0.56) or their interaction (ʖ21 = 0.89, P = 0.35) and the same results were obtained when 202 
analysing the sexes separately (Fig. 2c,e). However, the amount of direct fitness gained was 203 
influenced by an interaction between sex and dispersal (ʖ21 = 4.58, P = 0.03). When the sexes 204 
7 
 
were analysed separately, females dispersing further from their natal nest gained more 205 
direct fitness, but this was not the case for males (Fig. 2d,f). 206 
 The combined effects of sex and dispersal had a significant influence on the 207 
likelihood of accruing inclusive fitness via an interaction (ʖ21 = 4.62, P = 0.03). The effect of 208 
dispersal was not significant when the sexes were analysed separately, but contrasting 209 
trends were observed for males and females. For males, greater dispersal tended to be 210 
associated with a reduced probability of accruing inclusive fitness (Fig. 2g), driven by the 211 
decline in probability of accruing indirect fitness with dispersal distance (Fig. 2a). For 212 
females, however, the probability of gaining inclusive fitness tended to increase weakly with 213 
dispersal distance (Fig. 2i). 214 
A significant interaction between sex and dispersal distance was also observed when 215 
analysing the amount of inclusive fitness gained by residents (ʖ21 = 6.38, P = 0.01). The sexes 216 
were therefore analysed separately, with the regression slope in each case providing an 217 
estimate of the strength of linear (i.e. directional) selection on natal dispersal distance (see 218 
Methods). For females, the analysis revealed positive directional selection on dispersal 219 
distance (Fig. 2j) driven by the increase in the amount of direct fitness with dispersal 220 
distance (Fig. 2f). By contrast, for males the selection gradient, while negative, was 221 
nonsignificant (Fig. 2h). This again reflects the fact that indirect fitness constitutes only a 222 
small proportion of inclusive fitness (see above), resulting in a relatively small decrease in 223 
the magnitude of inclusive fitness gained as dispersal distance increased. There was no 224 
evidence for significant nonlinear selection on natal dispersal distance for either sex (see 225 
Methods). 226 
 227 
Causes of differential direct and indirect fitness 228 
Finally, we explore the reasons for the effects of dispersal and sex on fitness metrics. 229 
Indirect fitness was accrued by males but rarely by females reflecting the fact that helping in 230 
long-tailed tits is male-biased (85% of helpers are male [31]). The other clear pattern in 231 
acquisition of indirect fitness related to natal dispersal: males that dispersed further within 232 
our study site accrued less indirect fitness, as did immigrants relative to residents. A lower 233 
probability of helping as relatedness decreases has been reported in other cooperatively 234 
breeding birds (e.g. Galapagos mockingbirds Nesomimus parvulus [34] and white-fronted 235 
bee-eaters Merops bullockoides [35]), so these effects could result from males being less 236 
likely to help following nest failure the further they dispersed. Alternatively, given that the 237 
magnitude of indirect fitness gained by a helper depends on their relatedness to the 238 
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recipient, the probability of helping may remain the same, but the relatedness between 239 
helper and recipient could decrease with dispersal distance and be lower for immigrants 240 
than for residents. Our results offer some support for both explanations: the probability of 241 
helping following nest failure was lower for immigrant males than for resident males (32% 242 
vs. 43%; ʖ21 = 3.91, P = 0.05), and the dyadic relatedness of helpers to recipients was lower 243 
for immigrants (mean ± SE = 0.10 ± 0.03) than for residents (0.26 ± 0.03; L1 = 12.86, P = 244 
0.0003). Among residents, the relatedness of helpers to recipients declined with natal 245 
dispersal distance (L1 = 8.16, P = 0.004, Fig. 3), but there was no change in the probability of 246 
helping with dispersal distance (ʖ21 = 0.45, P = 0.50). 247 
 For direct fitness, differences in relation to sex or dispersal were less marked. 248 
Among males, no direct fitness benefit or cost of dispersal was detected, while among 249 
females, direct fitness, and hence inclusive fitness, increased with dispersal distance within 250 
the study site. Increased dispersal from the natal nest was not associated with the 251 
production of larger clutches (L1 = 1.27, P = 0.26) or of more fledglings (L1 = 1.20, P = 0.27). 252 
However, the proportion of fledglings that successfully recruited was higher for females 253 
dispersing greater distances (ʖ21 = 16.57, P < 0.0001; Fig. 4). Why this might be is unclear. 254 
One possibility is that both dispersal and reproductive success are dependent on quality, 255 
such that higher quality females are able to disperse further and succeed in producing more 256 
recruits. Alternatively, reproductive success may itself increase with dispersal distance if, for 257 
example, the risk of inbreeding declines with distance from the natal nest, a possibility we 258 
are currently exploring.  259 
 260 
Discussion 261 
Overall, our results indicate contrasting selection on the dispersal behaviour of males and 262 
females in a cooperatively breeding bird. Females achieve greater inclusive fitness, via 263 
increased direct fitness, the further they dispersed within the study site, a finding that is 264 
contrary to the general pattern of negative selection on dispersal observed across multiple 265 
species (e.g. 36-38). There are two important points about this relationship. First, Doligez & 266 
Pärt (13) pointed out that if dispersal behaviour is heritable, dispersers would have 267 
apparently low fitness because their offspring will also tend to disperse, which, if 268 
undetected, would generate a false negative relationship between fitness and dispersal. We 269 
have not yet investigated heritability of dispersal in long-tailed tits, but the fact that 270 
dispersal is associated with higher fitness indicates that there is no such confound in this 271 
case. Our observation that the proportion of fledglings that recruited increased with natal 272 
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dispersal distance (Fig. 4) further supports this argument. Second, the positive effect of 273 
dispersal on fitness was evident among short distance dispersers, i.e. for philopatric females 274 
(Fig. 2e,f,i,j), but the difference in fitness between the categories of resident and immigrant 275 
females (Fig. 1) was not significant, even though the trend was clearly in the same direction. 276 
Most previous studies have used only the latter approach to investigate the fitness 277 
consequences and we suggest that more fine-grained analyses of dispersal consequences 278 
would be worthwhile. 279 
In contrast, males tended to increase their probability of gaining inclusive fitness by 280 
limiting dispersal, allowing them to augment their inclusive fitness with the indirect fitness 281 
gained by helping relatives to raise their offspring. Male long-tailed tits are much more likely 282 
to help following the failure of their own breeding attempt than females and, as a 283 
consequence, gain considerably greater indirect fitness. This begs the question of why 284 
females do not help more often. One explanation is that females rarely have kin available to 285 
help due to kin-biased natal dispersal; alternatively, females may be inherently less likely to 286 
help than males even when the opportunity to help arises. Evidence supports the latter 287 
argument because our study population is kin-structured for females as well as males, albeit 288 
less strongly (26). Moreover, in another isolated study population, female dispersal was 289 
constrained by a lack of available breeding sites in the surrounding habitat so that they 290 
exhibited a similar degree of philopatry to males; nevertheless, the incidence of helping by 291 
females was not significantly higher than in the Rivelin Valley population (32). Why, then, 292 
might females spurn opportunities to accrue indirect fitness by helping? A likely explanation 293 
is that helping is costly (15) and the decision to help or not by failed breeders appears to 294 
depend on condition inter alia (16). During early phases of the reproductive cycle females 295 
invest substantially more than males. Mean clutch size is 10, each egg weighing c.1g so 296 
females (mean mass = 7.7g [39]) must produce c.130% of their own body mass in eggs during 297 
the 10-day laying period; once complete, the clutch is incubated by the female alone for 14-298 
15 days which is also likely to be costly (40), while males undertake a major parenting role 299 
only when nestlings hatch. Therefore, females are probably in poor condition relative to 300 
males when nest failure occurs, and hence are less likely to help. Such conditional helping 301 
has been reported in other cooperatively breeding vertebrates (41-43). 302 
Our findings have general implications for our understanding of the evolution of 303 
helping in birds and other taxa with kin-based cooperative groups. First, they imply that 304 
indirect fitness benefits alone can select for limited dispersal, i.e. there is no need to invoke 305 
direct fitness benefits of philopatry as a pathway towards or facilitator of social interaction 306 
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with kin and subsequent helping behaviour (8, 10,44). This conclusion is consistent with 307 
previous studies of long-tailed tits that suggest no benefit of social interaction with kin 308 
except in the context of helping (16,45). In non-cooperative bird species, philopatry has 309 
often been reported to have direct fitness advantages for males (36-38). The absence of 310 
such an effect in this case may result from the fact that long-tailed tits are not territorial so 311 
there is no advantage of being able to claim a territory early by being philopatric.  312 
The second general implication concerns the bet-hedging hypothesis, which argues 313 
that cooperative breeding evolved as a risk-averse strategy to reduce variance in fecundity 314 
(46). Our finding that indirect fitness is gained primarily by males that did not achieve direct 315 
fitness, thereby increasing the proportion of individuals achieving non-zero inclusive fitness, 316 
appears to support this hypothesis. However, the bet-hedging argument requires that 317 
variance in fitness is traded off against mean fitness, and here we found that the indirect 318 
fitness gained by males appears to augment rather than trade-off against direct fitness. 319 
Therefore, support for the bet-hedging hypothesis is currently equivocal and needs more 320 
detailed analysis of how direct and indirect fitness is acquired at the level of individual 321 
males. 322 
In conclusion, using estimates of inclusive fitness partitioned into its direct and 323 
indirect components, we have shown that selection on the dispersal strategies of a 324 
cooperatively breeding bird, the long-tailed tit, is sexually antagonistic. The different fitness 325 
consequences of dispersal for each sex arise from females increasing their direct fitness via 326 
dispersal, the mechanism for which is as yet unknown, while males accrue kin-selected 327 
indirect fitness benefits by helping relatives, which also has the effect of increasing the 328 
proportion of males achieving non-zero inclusive fitness. The consequence is that there is 329 
positive selection for dispersal by females, while there tends to be negative selection on 330 
dispersal by males, driven in part by sex differences in social interactions. Thus, the potential 331 
for accruing fitness through both direct and indirect routes can have profound consequences 332 
for dispersal decisions and ultimately the structuring of populations. 333 
 334 
Methods 335 
Study population. A population of 25-72 pairs of long-tailed tits was studied between 1994 336 
and 2016. The 2.5km2 study site in the Rivelin Valley comprises deciduous woodland, 337 
farmland, scrub and gardens and is mostly surrounded by low-quality habitat. Each year, all 338 
nestlings were ringed with a unique colour-ring and a blood sample taken under Home 339 
Office License (PPL 7007834) for genetic analysis. In addition, we also succeeded in colour-340 
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ringing and blood-sampling >95% of all unringed adults in the population, either during nest-341 
building or when they appeared as helpers at established nests. These adults were assumed 342 
to be immigrants born outside of the study site and to be one year of age, based on the 343 
observation that individuals tend to move relatively little following their first breeding 344 
season; specifically, very few individuals are missed (and therefore presumed to breed 345 
outside of the study site) in one breeding season only to reappear in the study site in a 346 
subsequent year (47). Individuals from whom blood samples were obtained were genotyped 347 
at 19 microsatellite loci (for details of the microsatellites used, see ref. 48). For further 348 
details of the field methods see ref 14. 349 
We quantified lifetime fitness for a total of 778 birds (385 females and 393 males) 350 
that hatched between 1994 and 2014 and had died by 2016 and for whom we had precise 351 
information on offspring production in each year of life. This included a small number of 352 
birds whose breeding attempts in a particular year went undetected but who were later 353 
observed helping at other nests. Long-tailed tits in our population only help if their own 354 
breeding attempts fail, meaning that we could safely assume that individuals first observed 355 
as helpers had failed to fledge offspring in that year. Birds ringed as adults in the first year of 356 
the study (1994) were not included because we did not have information on breeding or 357 
helping in previous years. 358 
 359 
Fitness calculations 360 
Indirect fitness. In order to quantify indirect and direct fitness and combine these to 361 
obtain a measure of inclusive fitness, both fitness components were calculated as genetic 362 
offspring equivalents. Indirect fitness is the fitness that individuals accrue through helping 363 
relatives to reproduce  W in this study, we calculated indirect fitness as the fraction of recruits 364 
from a brood that result from the brood being helped, multiplied by the average relatedness 365 
(r) between the helper and the recruits. The average effect of a given number of helpers on 366 
the probability of offspring recruitment was estimated using mixed-effects modelling (SI 367 
Appendix, section 1). For this and all subsequent analyses, we used R v. 3.2.3 in RStudio v. 368 
1.0.136 (49). From this model, we estimated the average fraction of a recruit that is 369 
attributable to a helper for a given number of helpers at a nest. For each helping event, we 370 
then calculated the indirect fitness accrued through helping by multiplying this fraction by 371 
the relatedness between the helper and any offspring that successfully recruited (where 372 
multiple offspring recruited, the average relatedness between these and the helper was 373 
calculated). Pairwise relatedness between helpers and recruits was estimated from the 374 
genotype data using the method of Queller & Goodnight (50) in KINGROUP v. 2 (51). Helping 375 
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events that did not lead to the production of recruits did not generate indirect fitness for the 376 
helper. Helpers also received no indirect fitness where theiƌƌĞůĂƚĞĚŶĞƐƐƚŽƌĞĐƌƵŝƚƐч ? ?377 
Direct fitness. Direct fitness is the fitness an individual accrues through the 378 
production of offspring, stripped of the effect of social partners (4). In this study, direct 379 
fitness measures were derived from the total number of recruits produced over an 380 
ŝŶĚŝǀŝĚƵĂů ?Ɛlifetime and calculated in terms of genetic offspring equivalents. To do this, we 381 
first subtracted the fraction of recruits that was attributable to any helpers (see above). The 382 
remaining fraction was then halved to account for the contribution of the other breeding 383 
partner to recruit production. The resulting fraction was then halved a further time to reflect 384 
the average relatedness of 0.5 between parents and offspring.  385 
Long-tailed tits are promiscuous, with estimates for our population indicating that 386 
11% of offspring in 30% of nests are the product of extra-pair matings (SI Appendix, Table 387 
S5; note that this is somewhat higher than reported previously in ref. 52). We therefore 388 
checked paternity for all males in our data set, using the likelihood-based approach 389 
implemented in CERVUS v. 3.0.7 (53,54). For full details of the parentage assignment 390 
procedure, see SI Appendix, section 2. Where extra-pair recruits were identified, the fraction 391 
of direct fitness associated with their production was stripped from the social father and 392 
reassigned to the genetic father (where known). In a few cases (n = 5), extra-pair recruits 393 
were the genetic offspring of a male helper at their nest. In these cases, the direct fitness 394 
obtained by the helper was calculated as the number of extra-pair recruits multiplied by the 395 
fraction of recruit production attributable to helpers (see above) and then halved to reflect 396 
average parent-offspring relatedness of 0.5. 397 
 398 
Analysis of fitness in relation to dispersal. The relationship between fitness (probability of 399 
accruing fitness or amount of fitness accrued) and either philopatric status (immigrant 400 
versus resident) or dispersal distance among residents was analyzed using mixed-effects 401 
models (for full details, see SI Appendix, section 3). We first analysed data from males and 402 
females together, fitting philopatric status/dispersal distance, sex and the interaction 403 
between philopatric status/dispersal distance and sex as fixed effects in the full model. We 404 
also split the data by sex to determine the effect of philopatric status/dispersal distance on 405 
the fitness accrued by males and females separately. The analyses comparing the fitness of 406 
immigrants and residents could be influenced by assortative pairing  according to dispersal 407 
status, but we found no evidence for such an effect (ʖ23 = 4.42, P = 0.22). From the analysis 408 
of the magnitude of inclusive fitness gains in relation to natal dispersal distance, we were 409 
able to quantify selection on natal dispersal for males and females. We initially included a 410 
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ƋƵĂĚƌĂƚŝĐƚĞƌŵƚŽƚĞƐƚĨŽƌŶŽŶůŝŶĞĂƌ ?ɶ ?ƐĞůĞĐƚŝŽŶ ?ďƵƚƚŚŝƐǁĂƐŶŽƚƐŝŐŶŝĨŝĐĂŶƚĨŽƌĞŝƚŚĞƌƐĞǆ411 
 ?ŵĂůĞƐ ?ɶц^с ? ? ? ?ц ? ? ?4, ʖ21  = 0.51, P = 0.48; females: 1.27 ± 1.87, ʖ21  = 1.06, P = 0.30; 412 
values calculated according to ref. 55). Omitting the quadratic term from the model, 413 
ƵŶŝǀĂƌŝĂƚĞůŝŶĞĂƌ ?ɴ ?ƐĞůĞĐƚŝŽŶŐƌĂĚŝĞŶƚƐǁĞƌĞĞƐƚŝŵĂƚĞĚĂƐƚŚĞƐůŽƉĞŽĨƚŚĞƌĞŐƌĞƐƐŝŽŶŽĨ 414 
dispersal distance on fitness (55).  415 
A further set of analyses was performed to determine the factors driving the 416 
observed relationships between fitness gains and dispersal. For males, indirect fitness was 417 
lower for immigrants than for residents and among residents declined with increasing natal 418 
dispersal distance. We considered two possible explanations for these patterns: (1) that the 419 
probability of helping, and thus gaining indirect fitness, declines with dispersal and (2) that 420 
the average relatedness of males to broods to whom they provide alloparental care, which 421 
determines the amount of indirect fitness gained, declines with dispersal (note that these 422 
scenarios are not mutually exclusive). To investigate (1), we asked whether the probability of 423 
helping following brood loss differed between immigrants and residents (n = 179 and 154) 424 
and whether, among residents, the probability of helping following brood loss varied with 425 
natal dispersal distance (n = 132) using generalised linear models (GLMs) with a binomial 426 
error structure. Males were scored as having helped if they helped in at least one year of 427 
their lives, even if they suffered brood loss but did not help in another year. To control for 428 
the increased likelihood that older males would have helped in at least one year, lifespan 429 
was fitted as an additional fixed effect in both models. To investigate (2), we used mixed-430 
effects models (SI Appendix, section 3) to test  whether the mean relatedness of male 431 
helpers to recruits from the broods they helped differed between immigrants and residents 432 
(n = 37 and 44, respectively) and whether, among residents, relatedness of helpers to 433 
recruits varied with ĂŚĞůƉĞƌ ?Ɛnatal dispersal distance (n = 33). 434 
Among resident females, our results revealed a significant positive association 435 
between natal dispersal distance and direct fitness. To investigate this further, we focused 436 
on broods that fledged successfully and tested for associations between maternal dispersal 437 
distance and (a) initial clutch size (n = 21 broods), (b) number of fledglings produced (n = 25 438 
broods) and (c) proportion of fledglings successfully recruiting (n = 25 broods) using mixed-439 
effects models (SI Appendix, section 3). 440 
In all analyses, coefficients and standard errors for each predictor were taken from 441 
the full model, while test statistics (ʖ2 values for GLM and GLMM and log-likelihood (L) ratios 442 
for LMM) and P values were calculated by comparing the full model to a second model 443 
14 
 
without the predictor, having first removed any nonsignificant interaction terms. All analyses 444 
were two-tailed and effects were considered to be statistically significant if P < 0.05. 445 
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 582 
Figure legends 583 
 584 
Fig. 1. Mean ± SE (a) indirect fitness, (b) direct fitness, and (c) inclusive fitness accrued by 585 
female (dark grey) and male (light grey) long-tailed tits in relation to whether they were 586 
immigrants (IMM; n = 308 females and 211 males) or philopatric residents (RES; n = 77 587 
females and 182 males) in the study population. 588 
 589 
Fig. 2. Relationships between measures of fitness and natal dispersal distances for 75 female 590 
and 160 male long-tailed tits that recruited within our study site: (a) probability of gaining 591 
indirect fitness for males (Ⱦ ± SE = -0.61 ± 0.25, ɖ21 = 6.73, P = 0.009); (b) amount of indirect 592 
fitness for males (-0.97 ± 0.27, ɖ21 = 14.60, P = 0.0001); (c) probability of gaining direct 593 
fitness for males (-0.02 ± 0.20, ɖ21 = 0.01, P = 0.91); (d) amount of direct fitness for males (-594 
0.15 ± 0.20, ɖ21 = 0.57, P = 0.45); (e) probability of gaining direct fitness for females (0.32 ± 595 
0.31, ɖ21 = 1.06, P = 0.30); (f) amount of direct fitness for females (0.58 ± 0.27, ɖ21 = 4.47, P = 596 
0.03); (g) probability of gaining inclusive fitness for males (-0.32 ± 0.19, ɖ21 = 2.94, P = 0.09); 597 
(h) amount of inclusive fitness for males (-0.25 ± 0.17, ɖ21 = 2.28, P = 0.13); (i) probability of 598 
gaining inclusive fitness for females (0.43 ± 0.29, ɖ21 = 2.20, P = 0.14); (j) amount of inclusive 599 
fitness for females (0.53 ± 0.27, ɖ21 = 3.83, P = 0.05). In panels a, c, e, g and i, boxplots show 600 
dispersal distances for birds that do and do not gain fitness (central lines represent median 601 
values, outer lines of the box represent the first and third quartiles and horizontal lines 602 
represent approximately two standard deviations around the interquartile range (circles 603 
denote outliers). In panels b, d, f, h and j, dots show the raw data. In all cases, lines are 604 
predictions from generalized linear mixed-effects models (GLMMs) of fitness in relation to 605 
distance, averaging across cohort (see Methods and SI Appendix, section 3). 606 
 607 
Fig. 3. Relationship between the mean relatedness of male helpers to the brood they cared 608 
for and their natal dispersal distance (n = 33). Points are raw data. Best-fit line and 95% Cis 609 
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are obtained from a linear mixed-effects model (LMM) of relatedness in relation to distance 610 
with male ID as a random factor (see Methods and SI Appendix, section 3).  611 
 612 
Fig. 4. ZĞůĂƚŝŽŶƐŚŝƉďĞƚǁĞĞŶƚŚĞƉƌŽƉŽƌƚŝŽŶŽĨĂĨĞŵĂůĞ ?ƐĨůĞĚŐůŝŶŐƐƚŚĂƚƌĞĐƌƵŝƚĞĚŝŶƚŽƚŚĞ613 
study population and her natal dispersal distance (n = 25). Dots are raw data. Best-fit line 614 
and 95% CIs are obtained from a GLMM of recruitment success in relation to dispersal 615 
distance. For details of the model and full results, see SI Appendix, section 3 and Table S3.  616 
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